On the energy balance closure and net radiation in complex terrain  by Georg, Wohlfahrt et al.
OW
T
a
b
c
a
A
R
R
A
A
K
E
F
S
G
1
a
m
r
%
c
R
w
d
t
m
l
c
n
w
h
0Agricultural and Forest Meteorology 226–227 (2016) 37–49
Contents lists available at ScienceDirect
Agricultural  and  Forest Meteorology
j our na l ho me page: www.elsev ier .com/ locate /agr formet
n  the  energy  balance  closure  and  net  radiation  in  complex  terrain
ohlfahrt  Georga,b,c,∗, Hammerle  Albina, Niedrist  Georgb, Scholz  Katharinaa,
omelleri  Enricoc,  Zhao  Penga
Institute of Ecology, University of Innsbruck, Sternwartestr. 15, 6020 Innsbruck, Austria
Institute for Alpine Environment, European Academy of Bolzano, Drususalle 1, 39100 Bolzano, Italy
Institute for Applied Remote Sensing, European Academy of Bolzano, Drususalle 1, 39100 Bolzano, Italy
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 8 March 2016
eceived in revised form 13 May  2016
ccepted 18 May  2016
vailable online 2 June 2016
eywords:
ddy covariance
ootprint
lope
a  b  s  t  r  a  c  t
In complex,  sloping  terrain,  horizontal  measurements  of  net  radiation  are  not reﬂective  of  the  radiative
energy available  for the  conductive  and  convective  heat  exchange  of  the underlying  surface.  Using  data
from a grassland  site on a  mountain  slope  characterised  by  spatial  heterogeneity  in inclination  and  aspect,
we  tested  the  hypothesis  that  a correction  of the  horizontal  net  radiation  measurements  which  accounts
for  the  individual  footprint  contributions  of  the  various  surfaces  to the measured  sensible  and  latent
heat  eddy  covariance  ﬂuxes  will yield  more  realistic  slope-parallel  net  radiation  estimates  compared  to
a correction  based  on  the  average  inclination  and  aspect  of  the footprint.  Our  main  result  is  that  both
approaches  led  to clear,  but very  similar  improvements  in  the  phase  between  available  energy  and  the
sum of  the  latent  and  sensible  heat  ﬂuxes.  As  a consequence  the  variance  in  the sum  of latent  and  sensiblerassland heat  ﬂux  explained  by available  radiation  improved  by  >10%,  while  energy  balance  closure  improved  only
slightly.  This is  shown  to be mainly  due to  the average  inclination  and  aspect  corresponding  largely  with
the  inclination  and  aspect  of  the  main  ﬂux  source  area  in  combination  with  a  limited  sensitivity  of  the
slope  correction  to  small  angular  differences  in,  particularly,  inclination  and  aspect.  We  conclude  with  a
discussion  of limitations  of the present  approach  and  future  research  directions.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
The widespread observation that the sum of the latent (E)
nd sensible (H) heat exchange measured by the eddy covariance
ethod systematically underestimates the available energy, i.e. net
adiation (Rn) minus the energy storage in the system (S), by 10–40
 (Stoy et al., 2013), has been puzzling the micrometeorological
ommunity for several decades (Eq. 1):
n − S = E + H, (1)
here we adopt a sign convention by which positive ﬂuxes are
irected towards the atmosphere and vice versa.
As the lack of energy balance closure violates the ﬁrst law of
hermodynamics and may  be indicative of systematic measure-
ent errors in the individual terms of Eq. (1), a large body ofiterature has accumulated on this topic. In a review, Foken (2008)
oncludes that errors of well-maintained and regularly calibrated
et radiometers are unlikely to contribute signiﬁcantly to the
∗ Corresponding author. Institute of Ecology, University of Innsbruck, Stern-
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energy imbalance and that underestimations of S (see also Leuning
et al., 2012) and in particular of E and H (e.g. Eder et al., 2014)
are more likely to cause the observed underestimation of the right-
hand-side of Eq. (1).
In complex, sloping terrain, however, the additional problem
arises that horizontally measured net radiation does not reﬂect the
radiative energy experienced by the underlying, sloping surface.
A common symptom of this mismatch is net or available radiation
being out of phase with the sum of E and H (Hammerle et al., 2007;
Hiller et al., 2008; Serrano-Ortiz et al., 2015). In such a situation, net
radiation either needs to be measured in a slope-parallel fashion
(e.g. Matzinger et al., 2003; Serrano-Ortiz et al., 2015) or transferred
into a slope-parallel framework by an appropriate mathematical
transformation (Nie et al., 1992; Whiteman et al., 1989). Doing so
is complicated by the mismatch in footprint between net radiation
and eddy covariance ﬂux measurements (Schmid, 1997), in par-
ticular if, as frequently the case under real-world conditions, the
eddy covariance ﬂux footprint is spatially heterogeneous in terms
of inclination and aspect. In such a case, the correction of hori-
zontal net radiation should actually be weighted by the individual
contributions of the underlying surfaces of various inclinations and
aspect to the total ﬂux measured at the eddy covariance tower. So
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ar, to the best of our knowledge, this has not been attempted and
esearchers instead have used average inclination and aspect of the
lope in the correction (Hammerle et al., 2007; Hiller et al., 2008).
The objective of this study is thus to correct horizontally mea-
ured net radiation by weighting with the footprint contribution
f the underlying surface and to compare this approach against
he correction based on the average inclination and aspect of the
ddy covariance ﬂux footprint. The main hypothesis underlying
his study is that at study sites characterised by spatial variability
n inclination and aspect, the footprint-weighted correction will
ield more realistic net radiation estimates. In order to test this
ssumption we conducted a study at a southwest facing grassland
lope in the Northern Italian Alps characterised by a large spatial
eterogeneity in terms of inclination and aspect.
. Material and methods
.1. Study site
The study site (46.68◦ N, 10.59◦ E) is situated at an elevation of
round 1550 m a.s.l. on a southwest facing slope of the Venosta
alley in northern Italy (Fig. 1). Average (1980–2010) annual tem-
erature amounts to 6.5 ◦C, annual precipitation to 550 mm.  The
tudy site is lightly grazed by cattle and sheep in spring and fall.
uring summer, plant growth is limited by low soil water contents.
egetation is hence dominated by drought and grazing adapted
rasses (Festuca valesiaca agg.), herbs (Hieracium pilosella agg.) and
hrubs (Juniperus communis agg.). Soils are shallow leptosols and
haracterised by high sand and silt contents.
.2. Eddy covariance and ancillary measurements
The net exchange of sensible and latent heat between the study
ite and the atmosphere was quantiﬁed using the eddy covariance
EC) method (Aubinet et al., 2000; Baldocchi et al., 1988). Measure-
ents started on 4th June 2014 and continue as of this writing,
ere we report data until 30th September 2014. The three wind
omponents and the speed of sound were measured with a three-
imensional sonic anemometer (CSAT3, Campbell Scientiﬁc, USA)
ounted 2 m vertically above a small ﬂat spot. Water vapour (and
arbon dioxide) mole densities were measured with an open-path
nfrared gas analyser (Li-7500, LiCor, USA), which was  displaced
y 0.1 m laterally and 0.2 m longitudinally compared to the sonic
nemometer in order to minimize ﬂux loss due to sensor sepa-
ation and to avoid disturbance of the wind ﬁeld. A data logger
CR3000, Campbell Scientiﬁc, USA) acquired the serial data from
oth instruments at 20 Hz using the SDM protocol and stored them
o a 2 GB data card. The data logger was programmed to turn off the
nfrared gas analyser and sonic anemometer through a relay when
he AGC-value of the infrared gas analyser exceeds 70% (clean back-
round value of 50%) and/or the digital sonic status signal deviated
rom zero in order to save power during precipitation. The data log-
er would then check the AGC-value and the sonic status shortly
efore the start of each half-hour and recommence data acquisition
nd logging if signals have returned to normal values. Digital time
ags between the sonic anemometer and the infrared gas analyser
ata streams due to signal processing were accounted for by the
ata logger program. Post-processing of these raw data was  con-
ucted using the free software EdiRe (University of Edinburgh, UK).
alf-hourly average ﬂuxes of latent and sensible heat and CO2 were
alculated as the covariance between the turbulent ﬂuctuations of
he vertical wind speed and the water vapour density and sonic
emperature, respectively, after subtracting the time series arith-
etic average and applying a planar ﬁt rotation (Wilczak et al.,
001) to the wind data. Frequency response corrections account-eteorology 226–227 (2016) 37–49
ing for both high- and low-pass ﬁltering were applied following
Moore (1986) and Aubinet et al. (2000) using a site-speciﬁc model
cospectrum as in Wohlfahrt et al. (2005). The buoyancy ﬂux was
converted to the sensible heat ﬂux according to Schotanus et al.
(1983) and latent heat ﬂuxes were corrected for the effects of den-
sity ﬂuctuations based on Webb et al. (1980). No corrections were
applied for the self-heating of the open-path infrared gas analyser,
as these are known to be negligible during the warm season (Burba
et al., 2008; Haslwanter et al., 2009), but we increased H, E and
CO2 ﬂuxes by 5% to account for sonic anemometer ﬂow distortion
due to transducer shadowing (Horst et al., 2015). The net exchange
of sensible and latent heat and CO2 was  then calculated as the sum
of the respective corrected eddy covariance and the storage ﬂux,
which was  calculated as the vertically integrated rate of change of
latent/sensible heat at the measurement height ( > 95 % of all times
less than ±1 W m−2 for energy ﬂuxes and ±0.5 mol m−2 s−1 for
CO2 ﬂuxes).
Data were rejected when the stationarity or integral turbulence
test exceeded 60% deviation (Foken and Wichura, 1996). Together
with system shut-downs due to signal quality (see above), this
resulted in a data coverage of 78% and 83% for H and E during
the study period, respectively.
Ancillary data measured by the same data logger at 30 s time
intervals (100% data coverage during study period) and averaged
to 30 min  values included: air temperature and humidity at 2 m
height above ground (HMP45C, Campbell Scientiﬁc, USA), incom-
ing and reﬂected/outgoing short- and longwave radiation (CNR-1,
Kipp & Zonen, the Netherlands; 10 % accuracy on daily totals), soil
temperature (integral over the depth of 0-0.05 m;  TCAV, Campbell
Scientiﬁc, USA), soil moisture at 0.05 m soil depth (ML2x, Delta-T,
UK), and soil heat ﬂux at 0.05 m soil depth (two replicates, HFP01,
Hukseﬂux, the Netherlands).
The soil heat ﬂux through the soil surface was derived by
accounting for the heat storage above the soil heat ﬂux plates using
measured soil temperature and soil water content and known soil
bulk and particle density, as well as the fraction of soil organic
matter following Sauer and Horton (2005).
Additional heat storage in the above-ground biomass and pho-
tosynthesis was accounted for according to Jacobs et al. (2008). The
heat storage in the above-ground biomass (Sc) was calculated from
the rate of change in surface temperature (Tsurf ), as measured with
the net radiometer, times the mass of above-ground dry organic
matter (mo, 0.30 kg m−2) and water (mw , 0.38 kg m−2), each multi-
plied with the corresponding speciﬁc heat capacities (Co: 1920 and
Cw: 4190 J kg−1 K−1), i.e.
Sc =
Tsurf
t
(Cwmw + Como) . (2)
Sc ranged between ± 5 W m−2 in more than 90% of all times. The
heat storage in photosynthesis (Sp) was calculated based on esti-
mated gross photosynthesis assuming that 0.5 J are required to ﬁx
one molecule CO2 (Goudriaan and van Laar, 1994). Gross photosyn-
thesis was  inferred from the daytime net ecosystem CO2 exchange
by adding an estimate of ecosystem respiration, which in turn was
derived from nighttime measurements as detailed in Wohlfahrt
et al. (2008b) and Wohlfahrt and Gu (2015). In more than 90% of all
times, Sp amounted to less than 10 W m−2.
All data are reported with reference to the Central European
Time (CET).
2.3. Footprint modellingThe source area of the eddy covariance ﬂux measurements was
calculated based on the 2-dimensional footprint model by Detto
et al. (2006), which is an extension of the 1-dimensional (cross-
wind integrated) footprint model by Hsieh et al. (2000). The latter
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Fig. 1. General characterisation of the study site in terms of the average footprint (90%; red lines in panels (a), (c) and (d)), wind direction distribution (b), inclination (panels
(c)  and (e)) and aspect (panels (d) and (f)). The black circle in panels (a), (c) and (d) delineates a circle with a radius of 200 m (i.e. 100× the measurement height) around the
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tux  tower (plus symbol in panels (a), (c) and (d)). The colour coding in panel (b) in
ight  45◦ wind sectors, which are differentiated by color-coding. Note that aspect i
egative  and positive aspect angles, respectively. (For interpretation of the referenc
s an approximate analytical footprint model which, because it has
een calibrated against simulations with a Lagrangian stochastic
ispersion model, is applicable across a wide range of stabilities,
easurement heights and surface roughness lengths (Hsieh et al.,
000). The extension to two dimensions is achieved by convolving
he cross-wind integrated footprint function with a Gaussian lat-s wind speed bins. Relative frequencies in (e) and (f) are calculated separately for
ed with respect to due south (0◦), easterly and westerly aspects corresponding to
olour in this ﬁgure legend, the reader is referred to the web version of this article.)
eral diffusion function (Detto et al., 2006). The full set of equations
is given in Appendix A. The model is driven by inputs of friction
velocity (u*, m s−1), the Monin-Obukhov length (L, m),  the standard
deviation of the lateral wind component (v, m s−1), the mea-
surement height (zref, m)  and the momentum roughness length
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z0m, m).  The latter was estimated as 0.03 m,  i.e. 10 % of the average
anopy height of 0.3 m (Campbell and Norman, 1998).
.4. Correcting net radiation for inclination and aspect of a slope
Global (also referred to as solar or shortwave) radiation incident
n a sloping surface (Rgs) was estimated based on Ham (2005):
gs = Rb
[
cos () cos (i) + sin () sin (i) cos ( − a)
cos ()
]
+ Rd, (3)
here Rb and Rd refer to the incident direct and diffuse global radi-
tion,  and  to the zenith and azimuth angles (radians) of the sun
nd i and a to the inclination and aspect angles of the normal to
he slope (radians). The solar zenith and azimuth angle were cal-
ulated following Ham (2005) based on site latitude and longitude
nd time zone longitude (15◦) and are summarised in the Appendix
 for convenience. Both the sun’s azimuth and the slope’s aspect in
q. (3) are deﬁned with respect to true south − negative angles
orrespond to times before solar noon or East and positive angles
o the reverse. The inclination and aspect of the slope were cal-
ulated on the basis of a digital terrain model (DTM) with 2.5 m
esolution (obtained from the Autonomous Province South Tyrol,
epartment of Nature, Landscape and Spatial Development). The
TM was derived from laser scanning measurements with a laser
canning density of at least four points in each pixel. The validated
levational accuracy amounts to 0.25 m.  Inclination and aspect of
he slope were derived from the DTM using the gradientm function
n Matlab R2014b (The MathWorks Inc., USA). Lacking appropri-
te measurements, the fraction of diffuse radiation, i.e. Rd/Rgh, was
stimated from half-hourly horizontally measured global radiation
Rgh) based on an empirical relationship with the clearness index
ratio between Rgh and the extraterrestrial radiation). The latter was
alibrated on data from a site some 75 km away (Wohlfahrt et al.,
008a) as detailed in Appendix C. Rb was then derived as Rgh − Rd.
The albedo () depends on the angle between the sun and the
ormal of the underlying surface (Ross, 1981). The diurnal course
f albedo of ﬂat plant canopies thus typically exhibits a u-shape
ith a minimum around solar noon (when the zenith angle is min-
mal) and higher values in the morning and evening. On a slope,
he angle between the sun and the normal of the surface is not
nymore symmetrical around solar noon, distorting the shape of
he diurnal course. For example, it has been observed that slope-
arallel albedo on west-facing slopes exhibits a minimum in the
ater afternoon (Matzinger et al., 2003). In an effort to devise a
imple, yet process-oriented model allowing correction of hori-
ontally measured albedo for inclination and aspect of a sloping
urface, we have put together a set of simple equations borrowed
rom Ross (1981), Goudriaan and van Laar (1994) and Ham (2005)
for details see Appendix D). Brieﬂy, the new model estimates the
atio between simulated slope-parallel (ss) and simulated hori-
ontal (sh) albedo based on inputs of the leaf area index (m2 m−2),
he broad-band solar leaf scattering coefﬁcient, the broad-band soil
eﬂection coefﬁcient and the angle between the sun and the nor-
al  to the surface. Slope-parallel albedo (s) was then derived from
orizontally measured albedo (h) by multiplication with the ratio
f simulated slope-parallel to horizontal albedo.
s = ˛h
˛ss
˛sh
. (4)
The net radiation of a sloping surface (Rns) was calculated as:
= R (1 − ˛ ) + L − L (5)ns gs s in out
where Lin and Lout refer to the horizontally measured incoming
nd outgoing longwave radiation. Eq. (5) thus implicitly assumes
hat incoming diffuse solar radiation, and incoming and outgoingeteorology 226–227 (2016) 37–49
longwave radiation ﬂuxes do not signiﬁcantly differ between hor-
izontal and slope-parallel measurements. Eq. (5) was applied only
during daytime, which was  deﬁned as Rgh > 5 W m−2.
The footprint-weighted slope-corrected average net radiation,
R〈ai〉ns , was  inferred by multiplying the corrected net radiation of each
pixel (Eq. (5)) with the corresponding ﬂux footprint contribution
(f(x,y); Eq. A1), summation over all pixels and then by dividing with
the total ﬂux footprint originating from within the domain, i.e.
R〈ai〉ns =
∑
f (x,  y)Rns (x, y)∑
f (x,  y)
. (6)
As a reference to earlier work, e.g. Hammerle et al. (2007) and
Hiller et al. (2008), we compare the result of Eq. (6) with a correction
based on the average inclination and aspect of the slope, i.e. without
the application of the footprint model, which will be referred to as
Rains in the following. In analogy we will use R
〈ai〉
gs and Raigs and ˛
〈ai〉
s and
˛ais to refer to the footprint-weighted and average slope-corrected
solar radiation and albedo, respectively.
3. Results and discussion
3.1. Characterisation of the study site
Wind directions at the site were on average down-slope from
northeast during nighttime and up-slope from southwest dur-
ing daytime (Fig. 2c), with a rapid and a more gradual transition
between the two main wind directions in the morning and after-
noon, respectively, reﬂecting the interaction between valley and
slope winds (Whiteman, 2000). This thermally driven wind system
was broken during foehn days, when the wind direction was from
northwest irrespective from the time of day, resulting in a third
peak in the wind direction distribution characterised by compara-
bly high wind speeds (Fig. 1b).
The average ﬂux footprint over the measurement period, shown
in Fig. 1a, is the result of the wind direction frequency distribu-
tion and the associated atmospheric conditions (Fig. 2a–c), which
govern the extent of the footprint. The result is a ‘tri-lobe’ shaped
average footprint with two relatively narrow maxima in the north-
east and northwest and a broader maximum in the south (Fig. 1).
Down-slope ﬂows from northeast were characterised by relatively
low speeds and stable stratiﬁcation, resulting in large nighttime
footprint extents (90% of the ﬂux originating on average from
within 600 m in upwind direction; Fig. 2d). Conversely, daytime up-
slope ﬂows were characterised by higher wind speeds and unstable
conditions, resulting in much smaller footprints (90% of the ﬂux
originating from <200 m around the ﬂux tower; Fig. 2d). During
the transition from up- to down-slope winds in the late afternoon
and during foehn episodes, the footprint extent increased again
(Fig. 2d), mainly as a result of larger atmospheric stabilities (Fig. 2a
and b).
The average aspect and inclination of a circular area of 200 m
radius around the ﬂux tower was 47◦ (from true South, i.e. 227◦
compass direction) and 24◦, respectively. In the following we  will
use this area as a reference, based on the rule-of-thumb footprint
estimate of 100 x the measurement height (e.g. Baldocchi et al.,
1988), which was 2 m in this study, and the reasonable correspon-
dence with the average footprint (Fig. 1).
As shown in Fig. 1, aspect and inclination were not uniform in
the footprint of the ﬂux tower. The footprint of southerly winds
contained more southeast-oriented pixels than the rest of the foot-
print and the footprint was  considerably steeper in the 120−330◦
sector, i.e. down-slope of the ﬂux tower, compared to the up-slope
area. The footprint-weighted aspect and inclination (Fig. 2e and f)
reﬂect both the diurnal changes in the extent and direction of the
footprint (Fig. 2c and d), as well as the spatial variability of aspect
W.  Georg et al. / Agricultural and Forest Meteorology 226–227 (2016) 37–49 41
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nd inclination around the ﬂux tower (Fig. 1). As a consequence, the
ootprint-weighted inclination and aspect were less steep and ori-
nted more towards west during the morning and afternoon hours
ompared to daytime up-slope ﬂow conditions (Fig. 2e and f).
.2. Correcting net radiation for slope inclination and aspect
At the plot-scale, the correction of net radiation depends on the
nclination and aspect angles of the underlying surface, the solar
enith and azimuth angles and the fraction of diffuse radiation (Eqs.
–5). When applied at the footprint-scale, additional complexity
rises from the fact that the area around the ﬂux tower is charac-
erised by heterogeneous inclinations and aspects (Fig. 1) and that
he direction and extent of the footprint, and thus the inclinations
nd aspects encompassed by the footprint, vary with wind direc-
ion and thus generally with the time of the day (Fig. 2), in concert
ith the solar zenith and azimuth angle.
In a ﬁrst step we thus analysed these combined effects on the
ncoming solar radiation using three case studies representing typi-
al average morning (07:00-07:30 CET), midday (12:00-12:30 CET)
nd afternoon (17:00-17:30 CET) conditions taken from the data
hown in Fig. 2, as shown in Figs. 3 and 4. During the early morn-
ng hours, winds were typical from northeast and the footprint
as relatively large, comparatively ﬂat (21◦) and mostly oriented
owards southwest (46◦) (Fig. 3). With the sun at a relatively low
ngle (29◦) in the east (86◦ compass direction), the slope actually
aced away from the sun, which resulted in Eq. (3) reducing the hor-
zontally measured radiation (Fig. 3). Since the fraction of diffuse
adiation was high (0.93) during this time of the day, the reduction
emained minor with limited sensitivity to variations in inclina-
ion and aspect (Fig. 4). This echoes Matzinger et al. (2003) and
errano-Ortiz et al. (2015), who found that during overcast days
orizontal and slope-parallel net radiation did not differ much. The
idday and afternoon footprints, with winds from south and west stability parameter (z/L), (c) wind direction (Udir), (d) the cross-wind integrated
pect and (f) inclination. Solid lines represent the average and the shaded area ± one
respectively (Fig. 2), were characterised by similar aspects (41◦ and
48◦) and were around 5◦ steeper compared to the morning case.
Applying Eq. (3), the solar zenith and azimuth angles during these
times resulted in both of these cases on average in an increase of
the horizontally measured radiation (Fig. 3), which was  relatively
more pronounced in the afternoon, when solar zenith and azimuth
angles were closer to normal to the slope compared to the mid-
day situation, despite a larger fraction of diffuse radiation (Fig. 4).
If the average inclination and aspect within a 200 m radius around
the ﬂux tower are used to correct the horizontally measured solar
radiation, only minor changes compared to the footprint-based
correction were observed (Fig. 3). This was due to the average incli-
nation and aspect within a 200 m radius around the ﬂux tower
overlapping (morning) or being very similar compared to the ter-
rain encompassed by the actual footprints (Fig. 3) and the correction
generally exhibiting a minor sensitivity to these small differences
(Fig. 4).
Accordingly, when applied to the entire data set, i.e. June-
September 2014, the main effect of the correction of the incoming
solar radiation for the inclination and aspect of the footprint
(Fig. 5a) or a circular area with a radius of 200 m around the ﬂux
tower (Fig. 5c) was  to reduce incoming solar radiation in the morn-
ing and to increase it during the rest of the daylight period.
Accounting for the effects of inclination and aspect of the slope
on albedo further ampliﬁed this effect: In the morning hours, with
the sun in the east, the correction (Eq. 4), increased slope-parallel
albedo compared to the horizontal measurements (Figs. 6 and D2),
because the sun’s angle with regard to the slope normal was rela-
tively large. In the afternoon, in contrast, the correction reduced
slope-parallel albedo below the horizontally measured values
(Figs. 6 and D2), because the angle between the sun and the slope
normal was smaller. These ﬁndings are qualitatively consistent
with the slope-parallel albedo measurements of Matzinger et al.
42 W.  Georg et al. / Agricultural and Forest Meteorology 226–227 (2016) 37–49
Fig. 3. Illustrative examples for the correction of incoming solar radiation for inclination and aspect of the footprint. Morning (7:15 CET), midday (12:15 CET) and afternoon
(17:15 CET) cases refer to typical meteorological conditions (taken from Fig. 2). The upper two panels show the extent and location of the 90% footprint (black lines) and
a  circular area of 200 m radius around the ﬂux tower (green lines) overlaid on maps of the site inclination (left) and aspect (right). The middle panels show frequency
distributions of the footprint-weighted corrected solar radiation (grey bars). The vertical lines in the middle panels correspond to the horizontally measured (red line) and
the  footprint-weighted corrected (blue line) solar radiation, while the green vertical line represents the solar radiation corrected for the average inclination and aspect of a
200  m radius circular area around the ﬂux tower. The lowermost panels show footprint-weighted frequency distributions of inclination and aspect. The green lines in the
lowermost panels indicate the average inclination and aspect of a 200 m radius circular area around the ﬂux tower. (For interpretation of the references to colour in this
ﬁgure  legend, the reader is referred to the web  version of this article.)
Fig. 4. Sensitivity study of the slope correction of incoming solar radiation as a function of slope inclination and aspect for the same three typical cases shown in Fig. 3. The
ﬁgures  show the correction factor, i.e. the ratio between slope-corrected and horizontally measured incoming solar radiation, as a function of the slope aspect; the colour
coding represents slope inclination. Solar elevation and azimuth, as well as the inferred fraction of diffuse radiation are shown in the upper left corner of each panel. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5. Bin-averaged diurnal courses of (upper six panels) and one-to-one comparison (lowermost two panels) between horizontal and slope-corrected incoming solar (left
panels) and net (right panels) radiation. Corrections for inclination and aspect of the site have been conducted by means of the footprint model (R<ai>ns ,R
<ai>
gs ) and using
average  inclination and aspect within a 200 m radius around the ﬂux tower (Rains , R
ai
gs), re
one  standard deviation around the mean, respectively. The solid lines in the lower panel
interpretation of the references to colour in this ﬁgure legend, the reader is referred to th
Fig. 6. Comparison between horizontally measured albedo (h) against footprint-
weighted slope-corrected albedo (˛<ai>s ). The dotted line indicates 1:1 correspon-
d
o
c
(
i
i
p
t
d
c
o
(ence, the solid line represents a linear regression through all data. Colour coding
f  the symbols refers to the sun’s azimuth. (For interpretation of the references to
olour in this ﬁgure legend, the reader is referred to the web  version of this article.)
2003). On average slope-parallel albedo was 2.5% lower than hor-
zontally measured albedo.
Corrected net radiation includes both the correction of incom-
ng solar radiation (Eq. 3) and albedo (Eq. 4), which caused the
hase of the corrected net radiation to be shifted somewhat more
o the afternoon compared to incoming solar radiation (Fig. 5b and
). The observed phase shift to an afternoon maximum in slope-
orrected solar and/or net radiation corresponds with the results
f Matzinger et al. (2003), Hiller et al. (2008) and Serrano-Ortiz et al.
2015), whose study sites were also facing southwest. An oppositespectively. Lines and shading in the upper four panels represent bin-averages and
s are linear regressions for which the regression coefﬁcients and r2 are given. (For
e web version of this article.)
phase shift, i.e. to an earlier maximum, was observed by Whiteman
et al. (1989) and Hammerle et al. (2007), who  studied east-facing
slopes, which is however consistent with Eqs. (3–5). Due to the
largely cancelling effects in the morning and afternoon, average
slope-corrected solar and net radiation exceeded the horizontally
measured ones by <5% (Fig. 5e and f). This ﬁnding is consistent with
Leuning et al. (2012), who  argued that the improvement observed
in the energy balance at the daily compared to the half-hourly time
scale is largely due to cancelling errors in the available energy.
3.3. Consequences for the energy balance closure
The available energy, i.e. net radiation minus the soil heat ﬂux
and heat storage in the above-ground biomass and photosynthe-
sis (see Fig. E1), based on horizontally measured net radiation was
clearly out of phase with the latent and sensible heat ﬂuxes, which
peaked in the early afternoon (Fig. 7a). The slope of a regression
of the sum of latent and sensible heat ﬂuxes as a function of avail-
able energy, which explained 73% of the variability, amounted to
0.93 with a y-intercept of 39 W m−2 (Fig. 7d). Applying the slope
correction brought available energy much better in phase with the
sum of the latent and sensible heat ﬂuxes (Fig. 7b and c) and as a
consequence greatly increased the fraction of explained variance
to 81% (Fig. 7e and f). Improvements in slopes (0.95 and 0.96) and
y-intercepts (27 and 30 W m−2), in contrast, were minor (Fig. 7e
and f), however statistically signiﬁcant (t-test, p < 0.05). Differences
between the footprint-based correction (Fig. 7b and e) and the cor-
rection based on the average inclination and aspect of a circular
area with a radius of 200 m around the ﬂux tower (Fig. 7c and f)
were again small, although statistically signiﬁcant (both slopes and
y-intercepts; t-test, p < 0.05).
An improvement in the phase of the energy balance closure,
which in this case falls well into the range observed across a wide
range of FLUXNET sites (Stoy et al., 2013), was observed by all
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Fig. 7. Comparison between horizontally measured (Rnh , left panels), slope-corrected using the footprint model (R<ai>ns ,middle panels) and slope-corrected using the average
inclination and aspect of a 200 m circular area around the ﬂux tower (Rains,right panels) available energy (i.e. net radiation minus soil heat ﬂux and heat storage in above-ground
biomass and photosynthesis) and (upper panels)/against (lower panels) the sum of the latent and sensible heat ﬂuxes. Upper panels show diurnal averages (solid lines) and
o e footprint-weighted average aspect is indicated in the lower panels by the colour coding.
T ession coefﬁcients and r2 are given; the dotted line indicates 1:1 correspondence. (For
i  to the web version of this article.)
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Fig. 8. Sensitivity of the energy balance ratio (EBR) to changes in inclination and
aspect of the underlying surface. The intersection of the two black lines indicates
the average inclination and aspect of a 200 m radius circle around the ﬂux tower. The
sensitivity of EBR to changes in inclination and aspect can be inferred by followingne  standard deviations (shaded areas), lower panels half-hourly measurements. Th
he  solid black lines in the lower panels are linear regressions for which the regr
nterpretation of the references to colour in this ﬁgure legend, the reader is referred
tudies we are aware of which investigated the effect of correct-
ng net radiation on the energy balance closure in sloping terrain
Hammerle et al., 2007; Hiller et al., 2008; Serrano-Ortiz et al., 2015)
nd thus represents a strong argument for the need of applying this
orrection.
Figs. 3, 5, 6 and 7 conclusively show that a correction of net
adiation is necessary, but also that the simpler approach based on
he average inclination and aspect within a circle of 200 m radius
round the ﬂux is sufﬁcient for this purpose. Fig. 8 shows how the
verage energy balance ratio (EBR; the sum of latent and sensible
eat ﬂuxes divided by the available energy; Wilson et al., 2002)
aries as a function of changes in inclination and aspect. By fol-
owing the two lines, which indicate the true average inclination
nd aspect, it can be seen that the EBR was much more sensitive to
ncertainties in the site aspect (a 5◦ change in the aspect causing
 1% change in the EBR), but exhibited little sensitivity to the site
nclination (a 5◦ change in inclination causing a 0.1 % change in the
BR). These ﬁndings provide an indication as to how accurate site
eometry needs to be determined for correcting net radiation at
ites in similarly complex terrain.
. Summary, conclusions and outlook
In complex topography with sloping terrain, horizontal mea-
urements of net radiation are not reﬂective of the radiative energy
vailable for the conductive and convective heat exchange of the
nderlying surface (Hiller et al., 2008; Serrano-Ortiz et al., 2015).
f net radiation is linked to these other energy ﬂuxes within the
ramework of the energy balance, e.g. by assessing the energy bal-changes in color-coding along the two lines, respectively. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of  this article.)ance closure (Stoy et al., 2013; Wilson et al., 2002) or by using
measured energy ﬂuxes to calibrate/validate some model based
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n energy balance closure (e.g. Kustas and Norman, 1996; Mallick
t al., 2015; Williams et al., 2012; Wohlfahrt et al., 2009), net radia-
ion must be measured with a slope-parallel setup (Matzinger et al.,
003; Serrano-Ortiz et al., 2015) or, if measured horizontally, must
e corrected for inclination and aspect of the surface from which
hese energy ﬂuxes originate.
We have chosen to measure radiation ﬂuxes horizontally and
xplored two approaches of correcting these to this end − a detailed
ne, taking the spatial variability of inclination and aspect weighted
y the ﬂux footprint contribution into account and a simpler one,
hich relied on the average inclination and aspect within a radius
f 200 m around the ﬂux tower.
In contrast to our hypothesis, both approaches were similarly
ffective in removing the observed phase difference between the
vailable energy and the turbulent heat ﬂuxes and improved the
raction of variance in turbulent heat ﬂuxes explained by the avail-
ble energy (Fig. 7). The main reason for the rejection of our
ypothesis is the close correspondence between the average incli-
ation and aspect of the chosen approximate footprint area (100 x
he measurement height) with inclination and aspect of the main
ource areas (Fig. 1) and the limited sensitivity of the correction
Eqs. 3–5) to small angular differences (Figs. 4 and 8). This result
s thus speciﬁc to the present study site, which is characterised by
elatively large variability in inclination, to which the correction
xhibits relatively little sensitivity (Fig. 8), and a relatively more
niform aspect (Fig. 1). A more general conclusion from this study
hus is that a simpler approach sufﬁces as long as inclination and
spect used in the correction are reasonably representative of the
ource area contributing most to the measured latent and sensible
eat ﬂuxes, with a greater precision required in the speciﬁcation of
he average aspect. Such an approach also avoids relying heavily on
etailed 2D footprint modelling, which in complex terrain is inher-
ntly uncertain (Finnigan, 2004). In situations where the footprint
s composed of pixels of more contrasting inclination and, in partic-
lar, aspect (Fig. 8), we can expect the footprint-weighted approach
o yield better net radiation estimates.
Equation (5) corrects net radiation for the effect of slope inclina-
ion and aspect on beam radiation and albedo and thus implicitly
ssumes that horizontally measured diffuse solar radiation, as
ell as incoming and outgoing longwave radiation are unbi-
sed estimates of the corresponding slope-parallel radiation ﬂuxes
Matzinger et al., 2003).
For incoming radiation ﬂuxes, the appropriateness of this
ssumption critically depends on the degree to which changes
n inclination and aspect go along with changes in the ﬁeld of
iew (FOV). In complex mountainous terrain, changes in the incli-
ation/aspect may  involve substantial changes in the fraction of
isible sky vs. surrounding terrain in the FOV and associated
hanges in incoming diffuse solar (Wang et al., 2005) and longwave
adiation (Matzinger et al., 2003). For example, Matzinger et al.
2003) found incoming longwave radiation at an exposed moun-
ain site (with the FOV dominated by the relatively cold sky) to be
p to 50 W m−2 lower compared to a valley bottom site (with a
arger fraction of the FOV dominated by relatively warm mountain
lopes).
For upwelling longwave radiation, and similar reasoning applies
o albedo and thus upwelling shortwave radiation, additional
omplications arise due to covariation between topography, micro-
limate, vegetation cover and composition and the biogeochemical
ycling of energy, water, carbon and nutrients (e.g. Bruun et al.,
006; Litaor et al., 2008; Scherrer and Körner, 2011), which trans-
ates into spatial variability in surface temperatures and albedo. For
laskan tundra, Ahrends et al. (2012) found albedo to vary from
.12 to 0.22 across a distance of 50 m and these variations to cor-
elate with changes in surface temperature. Lenoir et al. (2013)
nd Scherrer and Körner (2010) showed surface temperatures ofeteorology 226–227 (2016) 37–49 45
mountain vegetation to vary by up to 10 K across small spatial
scales, resulting in changes in emitted longwave radiation of up to
50 W m−2. Taking this kind of spatial variability into account will
require corresponding detailed spatial data and thus most likely
some remote sensing approach, e.g. based on UAVs (Anderson and
Gaston, 2013). Albedo, for example, can be estimated by means
of hyper-spectral remote sensing indices such as the normalised
difference vegetation index (NDVI; Blok et al., 2011). The spatial
variability of surface temperatures may  be quantiﬁed by airborne
thermal infrared imaging (e.g. Berni et al., 2009). Because thermal
imaging measurements are typically not continuous, while sur-
face temperatures are temporarily highly dynamic, some modelling
approach will be required to estimate the temporal variability of
surface temperatures.
In addition to net radiation, also the other terms of avail-
able energy may  require adjustments if inclination and aspect
vary spatially in complex terrain. First, horizontal soil heat ﬂux
measurements may  be expected to exhibit a phase shift com-
pared to slope-parallel measurements, similar to net radiation
(Figs. 6 and E1). Along this line, Serrano-Ortiz et al. (2015) have
demonstrated an over- and underestimation of horizontal com-
pared to slope-parallel soil heat ﬂux measurements of 25 and
40 W m−2 in the morning and afternoon, respectively, at a south-
west facing semi-arid mountain slope in Spain. Given that these
measurements were made under bare soil, these numbers however
most likely represent an upper estimate for more densely vegetated
sites. Second, the horizontally measured rate of change in surface
temperature may  not be reﬂective of the corresponding surface
temperature changes at pixels of different inclination and aspect,
affecting the inferred energy storage in the above-ground biomass
(Eq. 2). Both of these effects are further complicated if vegetation
cover and composition, and thus the amount and water content
of above-ground biomass, vary in concert with topography. The
energy storage in photosynthesis, because it is derived from eddy
covariance CO2 ﬂux measurements, in contrast is likely to be best
comparable to the sensible and latent heat ﬂuxes.
Finally, even though the degree of energy balance closure
observed in this study was  excellent compared to the closure com-
monly observed across FLUXNET sites (Stoy et al., 2013), we would
like to reiterate that spatial gradients in the surface energy balance
across the footprint are likely to cause spatial gradients in air tem-
perature and moisture and thus corresponding horizontal, and as a
consequence also vertical, advection ﬂuxes (Finnigan, 1999). These
advection ﬂuxes need to be taken into account in addition to the
vertical eddy covariance sensible and latent heat ﬂuxes (Leuning
et al., 2012).
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Appendix A. The footprint model
The two-dimensional source area function is given by:
f
(
x, y, zref
)
= Dy (x, y) Fy
(
x, zref
)
, (A1)
where x and y refer to the longitudinal and lateral direction,
respectively, and zref to the measurement height (all units of m).
Dy and Fy represent the lateral diffusion function and cross-wind
integrated footprint function, respectively, which are assumed
independent (Detto et al., 2006).
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ﬁig. C1. Fraction of diffuse photosynthetically active radiation as a function of the
learness index. Symbols refer to measurements, the solid line to model simulations
sing Eq. (C1).
The cross-wind integrated footprint function is given, following
sieh et al. (2000), as:
y = 1
k2v x2
DzPu |L|1−Pe
DzPu |L|1−P
k2v x , (A2)
where kv represents the von Karman’s constant (0.4), D and P
imilarity constants and L the Monin-Obukhov length (m). zu rep-
esents a length scale (m)  and is calculated according to Hsieh et al.
2000) as:
u = zref
(
ln
( zref
z0m
)
− 1 + z0m
zref
)
, (A3)
with z0m as the momentum roughness length (m).
The similarity constants D and P depend on L (Hsieh et al., 2000):(
zu
) = 0.28; P = 0.59
L
< −0.04 (A4a)
 = 0.97; P = 1.00
(
| zu
L
|  < 0.04
)
(A4b)
ig. C2. Validation of direct (left panel) and diffuse (right panel) shortwave radiation usin
gure  legend, the reader is referred to the web  version of this article.)eteorology 226–227 (2016) 37–49
D = 2.44; P = 1.33
(
zu
L
> 0.04
)
(A4c)
Lateral diffusion is assumed Gaussian and simulated as (Detto
et al., 2006):
Dy (x, y) = 1√
2y
e
− 12
(
y
y
)2
, (A5)
y is related to the standard deviation of the lateral wind com-
ponent (v) as:
y = a1z0m
v
u∗
(
x
z0m
)p1
, (A6)
where u∗ represents the friction velocity and a1 (0.3) and p1
(0.86), similarity parameters (Detto et al., 2006).
Appendix B. Solar geometry
The solar zenith angle (, radians) is given as:
cos  = sin  sin ı + cos  cos ı cos h, (B1)
where  stands for the latitude (degrees),  for the solar declina-
tion angle (radians) and h for the hour angle (radians) (Ham, 2005).
The latter two are calculated as (Ham, 2005):
ı = 0.409 sin
(
2
365
N − 1.39
)
, (B2)
h = (12 − tsolar)

12
. (B3)
Here N represent the day of year and tsolar the solar time (hours),
which is calculated as:
tsolar = LST +
E
60
+ (SM − LOB)
15
, (B4)
where LST represents local standard time (hours), SM the longi-
tude of the standard meridian of the local time zone (degrees) and
LOB the longitude of the observer (degrees) (Ham, 2005).
E stands for the equation of time and is given as (Ham, 2005):
E = 9.87 sin 2B − 7.53 cos B − 1.5 sin B, (B5)with B as:
B = 2
364
(N − 81) .  (B6)
g independent measurements. (For interpretation of the references to colour in this
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Fig. D2. Mean diurnal variation of simulated slope-parallel (ss) and horizontal (sh)
albedo. The left panel shows the mean (solid line) and ± one standard deviation
(coloured area) from the entire measurement campaign (June-September 2014). The
right panel shows the results of a sensitivity analysis conducted by randomly varying
	s (0.15-0.30), 
 (0.5-3.0) and  (0.4-0.8) with a Latin hypercube algorithm using the
D5)ig. D1. Comparison between simulated (sh) and measured (h) horizontal albedo
fter calibration of 	s , 
 and .
The solar azimuth angle (, radians) is given as:
os  = sin  cos  − sin ı
cos  sin 
. (B7)
For compatibility with Eq. (3), the azimuth is made negative
efore solar noon (Ham, 2005).
ppendix C. Estimating the fraction of diffuse radiation
Half-hourly measurements of horizontal global radiation (Rgh)
ere partitioned into its direct (Rb) and diffuse (Rd) components
sing a modiﬁed Gompertz function:
Rd
Rgh
= e−ep1−(p2−p3CI) (1 − p4) + p4 (C1)
CI refers to the clearness index which was calculated as the ratio
etween Rgh and the extraterrestrial radiation (Ra) (Ham, 2005):
a = 0.082
(
1 + 0.033 cos
(
2
365
N
))
cos . (C2)
Parameters p1-p4 (0.100, 4.793, 9.476, 0.247, r2 = 0.99, Fig. C1)
ere determined by non-linear optimisation using the function
minsearch in Matlab R2014b (The MathWorks Inc., USA) against
une-September 2014 measurements of diffuse/total photosyn-
hetically active radiation at the FLUXNET site Neustift (Wohlfahrt
t al., 2008a), which is some 75 km to the northeast of the study site.
hotosynthetically active radiation expressed as mole ﬂux pho-
ons was converted to global radiation using a conversion factor
f 2.275 mol  J−1 (Goudriaan and van Laar, 1994). Equation (C1)
as validated with total and diffuse PAR data from a nearby sta-
ion on an east-south-east facing slope (Hammerle et al., 2007). As
hown in Fig. C2, the model reproduced direct radiation reasonably,
ut simulated diffuse radiation underestimated measured diffuse
adiation and exhibited a larger scatter.
ppendix D. Converting horizontally measured to
lope-parallel albedo
Albedo depends, in addition to the leaf area index and the albedo
f leaves and the soil, on the angle between the sun and the nor-
al  of the underlying surface (i.e. the zenith angle for a horizontal
urface) and the fraction of diffuse radiation (Ross, 1981). The
pproach we have taken for converting horizontally measured tofunction lhsdesign in Matlab R2014b (The MathWorks Inc., USA). (For interpretation
of  the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
slope-parallel albedo is to simulate albedo of a horizontal and slop-
ing, with a given inclination and aspect, surface and to use the ratio
of the two to correct horizontally measured albedo (Eq. 4).
The underlying premise of the model is that albedo () can be
simulated as the weighted sum of the albedo for diffuse (d) and
direct (b) radiation, i.e.
 ˛ = ˛dFdif + ˛b
(
1 − Fdif
)
, (D1)
with Fdif representing the fraction diffuse radiation from Eq.
(C1).
Following Goudriaan and van Laar (1994) the albedo for diffuse
and direct radiation are calculated as:
˛d = 	cd + (	s − 	cd) e−2

√
1−0.8, (D2)
˛b = 	cb + (	s − 	cb) e−2

√
1− 0.5
cos . (D3)
Here 	s represents the broadband solar soil reﬂection coefﬁ-
cient, 
 the leaf area index (m2 m−2) and  the broadband solar leaf
reﬂection coefﬁcient. 	, the angle between the sun and the normal
to the underlying surface is calculated as:
cos (ω) = cos () cos (i) + sin () sin (i) cos ( − a) , (D4)
with  and  representing the zenith and azimuth angles (radi-
ans) of the sun and i and a the inclination and aspect angles of the
normal to the slope (radians) (Ham, 2005). Note that cos(	) = cos()
if i = 0.
	cd and 	cb are calculated according to Goudriaan and van Laar
(1994):
	cd = 2	ch
(
0.25
1 + 1.6cos (15) +
0.50
1 + 1.6cos (45) +
0.25
1 + 1.6cos (75)
)
,(
	cb =
2	ch
1 + 1.6cos
(

) . (D6)Equations (D2-3) and (D5-6) assume a spherical leaf distribu-
tion, which was shown to be a reasonable assumption for typical
mountain grassland ecosystems in the Alps by Wohlfahrt et al.
(2001).
48 W.  Georg et al. / Agricultural and Forest M
Fig. E1. Mean diurnal variation of horizontally measured (Rnh) and slope-corrected
(R<ai>ns , R
ai
ns ) net radiation, the sum of the soil heat ﬂux and energy storage in above-
ground biomass and photosynthesis (G + Sc + Sp), as well the latent (
E) and sensible
(H) heat ﬂuxes. Symbols indicate the time of day when the maximum ﬂux is reached.
N
c
t
	
i
2
a
r
l
b
r
z
R
i
t
q
s

A
R
A
A
A
B
Bote that net radiation is corrected only during daytime and thus net radiation
urves collapse during nighttime. (For interpretation of the references to colour in
his ﬁgure legend, the reader is referred to the web version of this article.)
	ch is calculated according to Goudriaan and van Laar (1994):
ch =
1 − √1 − 
1 + √1 −  .  (D7)
Equation (D1) was evaluated for a sloping surface (ss), with
nclination and aspect of each pixel or averaged for an area within a
00 m radius around the ﬂux tower, and a horizontal surface (sh)
nd the ratio between the two was then used in Eq. (4) to cor-
ect horizontally measured albedo. In order to avoid unrealistically
arge simulated albedos for large 	 angles, which may  be inﬂated
y small offsets between measured outgoing and incoming solar
adiation at these times, Fdif was restricted to 1 for 	 > 85 deg.
	s, 
 and  were determined by optimising sh against hori-
ontally measured albedo using the function fminsearch in Matlab
2014b (The MathWorks Inc., USA). As shown in Fig. D1, the cal-
brated model captured measured albedo quite well, except for
he largest zenith angles, when measurements were however also
uite variable. The model is however not overly sensitive to rea-
onable choices of the three free parameters as the ratio between
ss and sh is formed (Fig. D2).
ppendix E. Energy balance components
Fig. E1.
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